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Bragg diffraction of an atomic wave packet in a retroreflective geometry with two counterprop-
agating optical lattices exhibits a light shift induced phase. We show that the temporal shape of
the light pulse determines the behavior of this phase shift: In contrast to Raman diffraction, Bragg
diffraction with Gaussian pulses leads to a significant suppression of the intrinsic phase shift due
to a scaling with the third power of the inverse Doppler frequency. However, for box-shaped laser
pulses, the corresponding shift is twice as large as for Raman diffraction. Our results are based
on approximate, but analytical expressions as well as a numerical integration of the corresponding
Schrdinger equation.
In the realm of high-precision measurements, the suc-
cess of any method depends intimately on the suppres-
sion of uncertainties intrinsic to the technique. For this
reason the phase shift caused by the light pulses forming
an atom interferometer [1–4] is crucial, especially in view
of recent ambitious projects as discussed in Refs. [5, 6].
In this article we focus on atomic Bragg diffraction, de-
rive approximate, but analytical expressions for the two-
photon light shift, and show that Gaussian light pulses
lead to a significant suppression of this effect. Moreover,
our analysis demonstrates that a naive translation of the
results for Raman to Bragg diffraction might lead to a
serious over- and underestimation of the light shift, de-
pending on the pulse shape.
Nowadays, interferometers routinely employ a retrore-
flective mirror system with two running lattices to reduce
the influence of wave-front distortions and vibrations [7].
The off-resonant pair of lasers in such a retroreflective
setup [8] causes a light shift which translates into a phase
shift which in turn depends on the initial atomic veloc-
ity. This so-called two-photon light shift is of particu-
lar relevance for any ambitious high-precision measure-
ment employing retroreflected light fields as beam split-
ters and the correct incorporation of the phase shift is
mandatory. Whereas this quantity has been thoroughly
studied in Raman diffraction [9–11], we are not aware of
a corresponding analysis for Bragg scattering [12, 13],
the other major diffraction method for atoms [14]. To
constitute a competitive alternative to Raman, the light
shifts in Bragg diffraction have to be controlled on a sim-
ilar level of accuracy, especially since there is renewed
interest [15–21] in this scattering mechanism and current
setups [22–24] employ a retroreflective configuration.
In this article we (i) derive approximate, but analyt-
ical expressions for the two-photon light shift and com-
pare them to the ones for Raman diffraction, (ii) confirm
these results by numerically integrating the correspond-
ing Schrdinger equation, and (iii) study the influence of
the temporal shape of the pulses. Our approach not only
enables us to accurately incorporate the phase contribu-
tions associated with the light pulses in the error budget,
which so far was only possible for Raman diffraction, but
also allows us to identify parameter regimes where, in
comparison to Raman, the effects can be strongly sup-
pressed.
Figure 1. (Color online) Retroreflective setup for atomic
Bragg diffraction. Two light fields of frequency ωb and ωr
(light blue and red) with orthogonal polarization are guided
by common optical elements, e. g., an optical fiber, to the
atom. The polarization is changed by a quarter-wave-plate
when the beams are reflected at the opposite side, leading
to two distinguishable pairs of lasers represented by dashed
and solid arrows. The degeneracy of the interaction between
the two laser fields and the atom is lifted by an initial non-
vanishing momentum p0 of the atom, thus preventing double
Bragg diffraction [25].
Figure 1 shows the corresponding setup where two light
fields of frequencies ωb and ωr with orthogonal polariza-
tion are guided by common optical elements, e. g., an
optical fiber, to an atomic sample and retroreflected on
the opposite side. Since the polarization of the reflected
laser beams is changed, the atom interacts effectively
with two distinguishable [26] pairs of lasers, as indi-
cated in Fig. 1 by solid and dashed lines. For an atom
at rest the setup depicted in Fig. 1 is equivalent to the
experimental configuration for double Bragg diffraction
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2[25, 27–30]. However, if the atom has a non-vanishing
initial momentum p0, one laser pair can be chosen to in-
duce the scattering process by adjusting the frequency
difference ∆ω = ωb−ωr leading to effective single Bragg
diffraction in the retroreflective setup.
The phenomenon of Bragg scattering itself is a conse-
quence of energy-momentum conservation, as illustrated
by Fig. 2. We start from an atom which is initially in
the ground state |g〉 with momentum p0 and discuss the
interaction with the pair of lasers represented in Fig. 1
by solid lines.
Figure 2. (Color online) Changes of energy (kinetic and inter-
nal) and momentum during a Bragg scattering process. Due
to the absorption from or emission into the four laser fields
shown in Fig. 1, the light blue (red) lasers lead to a momen-
tum transfer of ±~kb(r) and an energy change of ±~ωb(r),
denoted by light blue (red) arrows. Because of energy and
momentum conservation, the transition from p0 to p0 + ~K
with K = kb+kr, induced by the solid pair of lasers in Fig. 1,
is resonant (thick solid arrows). We draw the off-resonant
transitions with thin lines and illustrate their deviation from
the resonant energy. The dashed off-resonant transitions are
induced by the second pair of lasers (depicted in Fig. 1 by
dashed arrows).
First, the atom absorbs a photon of energy ~ωb and is
excited to an ancilla state |a〉. In this process it acquires
the momentum ~kb of a photon. Since the transition is
highly detuned from the ancilla state, the counterprop-
agating light field of energy ~ωr stimulates the emission
of a photon in the opposite direction, leading to an addi-
tional recoil of ~kr. Thus, the total momentum transfer
is ~K ≡ ~kb+~kr, whereas the energy transferred by this
two-photon process corresponds to the energy difference
~∆ω. Hence, energy-momentum conservation is guaran-
teed for ∆ω = ωK +νK , where we have defined the recoil
and Doppler frequency by the expressions
ωK ≡ ~K
2
2M
and νK(p0) ≡ p0K
M
, (1)
respectively. Here, M denotes the mass of the atom.
We emphasize that in the remainder of this article ev-
ery expression involving the Doppler frequency νK(p0)
has an implicit dependence on the initial momentum p0.
However, we shall suppress this dependency for brevity
of notation.
The previously described resonant process is illustrated
in Fig. 2 by thick solid lines. As indicated by the thin
solid lines, diffraction into the momenta p0 − ~K and
p0 + 2~K as well as higher orders is also possible. How-
ever, transitions to these momentum states violate en-
ergy conservation. Nevertheless, they may lead to energy
shifts of the involved resonant states even if the popu-
lation of the higher momentum states can be neglected.
Since these shifts are symmetric for one pair of lasers this
effect cancels out and a phase contribution introduced by
the two-photon light shift cannot be observed for Bragg
diffraction when performed without retroreflection.
However, the situation changes drastically when we
consider the additional spurious pair of light fields
(dashed arrows) in the retroreflective setup of Fig. 1.
Here, the two colors of the light fields are exchanged,
creating a whole variety of additional transitions illus-
trated in Fig. 2 by the thin dashed lines. Because all
of these transitions are off-resonant, they may lead to a
shift of the relevant energy levels and thus induce a phase
difference between the two momentum states. In the re-
mainder of this article we discuss this phase shift for pi/2
pulses.
In Raman scattering the large energy difference be-
tween the two relevant ground states allows us to neglect
some of the off-resonant transitions [31] in the spirit of a
rotating-wave approximation [32].
Therefore, a perturbative treatment of the interaction
of the atom with the laser fields leads [8, 9] us to the
expression
δφ
(R)
± ∼= ±
Ω
4νK
ωK ± νK
2ωK ± νK (2)
for the light shift for Raman diffraction. Here, Ω denotes
the effective two-photon Rabi frequency, which depends
on the intensity of the laser beams and the detuning from
the ancilla state.
The different signs reflect the fact that the resonance
condition of the scattering process can be adjusted such
that the atom is scattered either towards the retroreflec-
tive mirror or away from it. In fact, while we have chosen
∆ω = ωK+νK during the previous discussion leading to a
resonant coupling between the momenta p0 and p0+~K,
we can alternatively choose ∆ω = ωK − νK which cor-
responds to diffraction into the opposite direction, i. e.,
a coupling of the momenta p0 and p0 − ~K. In Raman
diffraction the analog feature is usually employed [33, 34]
to compensate for systematic errors.
Since in Bragg diffraction the internal state of the atom
is not changed, more off-resonant transitions have to be
taken into account, which makes a perturbative treat-
ment more challenging. If we describe an atom in the
ground state and momentum eigenstate |p0 + n~K〉 by
the probability amplitude gn, an adiabatic elimination of
3the ancilla state leads [28] to the system [35]
g˙n = i
Ω
2
(
e−iθ e2i(nωK+νK)t + eiθ e2i(n−1)ωKt
)
gn−1
+ i
Ω
2
(
eiθ e−2i[(n+1)ωK+νK ]t + e−iθ e−2inωKt
)
gn+1
(3)
of differential equations describing the diffraction pro-
cess. Here, θ denotes the phase difference of the two
counterpropagating laser fields.
The phase caused by the light shift can be found by
solving Eq. (3) and determining the phase of the complex-
valued ratio g1/g0 for Ωt = pi/2. We therefore apply, in
complete analogy to Ref. [36], the resonance conditions
∆ω = ωK±νK and perform the method of averaging [37].
We then calculate the argument of g1/g0 for Ωt = pi/2 in
a similar manner as in Ref. [38] resulting in the approxi-
mate expression
δφ
(B)
± ∼=
Ω
4
2
ωK ± νK ±
Ω
4νK
ω2K
(2ωK ± νK)(ωK ± νK) (4)
for the phase induced by light shifts in Bragg diffraction
with box-shaped laser pulses.
Strictly speaking, Eq. (4) is only valid for νK be-
ing an integer multiple of ωK since only then the time-
dependent coupling in Eq. (3) leads to a clear separa-
tion of two different frequency scales, as required by the
method of averaging. However, when we compare our
approximate result in Fig. 3 to a numerical solution of
Eq. (3), we find that it is exact at integer values of νK/ωK
and between them the relative deviation oscillates within
2 %.
Moreover this comparision shows that Eqs. (2) and (4)
are only good approximations for sufficiently large νK ,
since for vanishing initial momentum the diffraction pro-
cess changes drastically to double diffraction, and hence
our identification of the resonant momentum states is not
appropriate anymore. Indeed, the poles in the analytic
result, i.e. Eq. (4), as well as the deviation of the numer-
ical simulation from the analytical results for the phase
shift for small νK/ωK , apparent in Fig. 3, are due to
a modified diffraction mechanism. Each of the poles in
Eq. (4) can be attributed to a specific case [36] of double
or degenerate diffraction. Moreover, we note that an ana-
log analytical treatment can be performed [36] to obtain
the light shift where these equations diverge.
Of particular interest for this article is the scaling be-
havior of the phase shift δφ
(B)
± for a large Doppler detun-
ing, that is, for ωK/νK  1. We note that the asymp-
totic behavior of Eq. (4), in lowest order, is determined
entirely by the first term [39] providing us with the scal-
ing
δφ
(B)
± ∼= ±
Ω
2νK
∼= 2δφ(R)± , (5)
which is twice the light-shift phase of Raman diffraction.
The asymptotic behavior and the comparison to the Ra-
man case are also illustrated by Fig. 3.
Even though there are more relevant transitions in
Bragg diffraction, the overall scaling of the light shift
does not change significantly. This behavior is due to
the intricate combination and cancelation effects [36] be-
tween the individual shifts of the energy levels due to the
additional off-resonant transitions indicated in Fig. 2.
In fact, in Fig. 2 the momentum p0 is connected to
p0 + ~K not only by the solid resonant lasers, but also
by the dashed Doppler-detuned pair of lasers. This inter-
action leads to a change of the population which makes
a contribution to the phase induced by the light shift.
Indeed, this population contribution is the origin of the
first addend in Eq. (4).
Since this effect is suppressed for time-dependent adi-
abatic pulses [43], the level shifts induced by the vari-
ous off-resonant transitions cancel out partially and the
phase shift is dominated by the second term in Eq. (4).
To acquire an intuition for adiabatic pulses we consider
Gaussian pulses and neglect the first contribution to the
phase shift in Eq. (4). Hence, we conjecture the expres-
sion
δφ
(ad)
± ∼= Φ[Ω]
ω3K
±νK(2ωK ± νK)(ωK ± νK) (6)
for the phase induced by the two-photon light shift of an
adiabatic Gaussian pulse. Here, we have introduced the
dimensionless amplitude
Φ[Ω(t)] ≡
∫
Ω2(t) dt
4ωK
∫
Ω(t) dt
, (7)
and have replaced [40] the two-photon Rabi frequency Ω
by its time-dependent analog Ω(t).
In order to verify our conjecture, we solve Eq. (3) nu-
merically for a time-dependent Gaussian pulse and deter-
mine the phase of the complex-valued ratio g1/g0 for a
pulse area of
∫
Ω(t) dt = pi/2. Figure 3 demonstrates that
the light shift as predicted by our analytical expression
Eq. (6) captures the main features of the numerical solu-
tion and can therefore serve as an estimate for the light
shift with a Gaussian pulse. In particular, we observe
a relative deviation in the order of 4 %, which decreases
further with increasing initial momentum. Furthermore,
by expanding Eq. (6) in lowest order for ωK/νK  1 we
obtain the scaling law
δφ
(ad)
± ∼= ±Φ[Ω]
(
ωK
νK
)3
, (8)
which has a completely different scaling from that of
Eq. (5), leading to a suppression of the phase shift with
the third power of the inverse Doppler frequency. This
behavior is a significant benefit for large initial momenta
as demonstrated by Fig. 3.
We are now in the position to summarize our key re-
sults, compare the magnitude of the two-photon light
shift to the typical phase sensitivity of state-of-the-art
measurements and provide an outlook for future work.
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Figure 3. (Color online) Scaling of the two-photon light shift δφ+ with respect to the initial momentum p0 (a), and relative
deviation of the analytic expressions from the numerical simulation (b). In panel (a) we exhibit three cases: (i) Raman
diffraction [(R), solid green], (ii) Bragg diffraction with box-shaped pulses [(B), dashed blue], and (iii) Bragg diffraction with
Gaussian pulses [(ad), dotted red]. We scale δφ+ in terms of the amplitude Φ[Ω] defined [40] by Eq. (7) and use Eq. (1) to obtain
νK/ωK = 2p0/(~K). Whereas the light shift in Bragg with box-shaped pulses is twice the size of the Raman case, but scales
identically with increasing Doppler detuning, it is largely suppressed for adiabatically tuned pulses. The solid lines represent the
analytical solution; the dashed and dotted lines are numerical simulations, respectively. To illustrate the order of magnitude of
the effect we compare the two-photon light shift to the phase uncertainty in two state-of-the-art experiments [22, 41], indicated
by the horizontal dotted lines [42]. Panel (b) shows that the numerical solution for box pulses [solid blue] oscillates within 2 %
of the corresponding analytical solution and coincides with it for integer values of νK/ωK . For Gaussian pulses [dashed red]
the analytical solution provides an estimate for the light shift and we observe an agreement with the theoretical prediction to
within 4 %, which decreases further with higher initial momenta p0. However, since the light shift for Gaussian pulses is highly
suppressed for large initial momenta the absolute deviation is significantly smaller than in the case of box pulses.
For this purpose we first recall one more time the moti-
vation of our study, which also underscores its relevance
for experiments. For high-precision measurements with
atom interferometers using Bragg diffraction the form
and magnitude of the phase induced by the two-photon
light shift are essential for both the error estimation as
well as possible mitigation strategies, based on measure-
ments performed with a reversed momentum transfer or
appropriately chosen laser intensities [34]. Therefore, the
approximate but analytical expression provided in our ar-
ticle constitutes a vital part of the analysis of phase con-
tributions in Bragg interferometers and is of relevance
for any ambitious experiment employing this diffraction
technique.
Indeed we have shown that for box-shaped laser pulses
the phase induced by the two-photon light shift is roughly
twice as large as in Raman diffraction. Apart from this
factor of two, it is of the same form, and thus the meth-
ods [34] used to compensate for this shift can be directly
applied.
Adiabatic pulse shapes are a convenient way in Bragg
diffraction to prevent scattering into higher momentum
states [25, 44] and thus are employed by most experi-
ments. We have shown that by using such pulses the light
shifts are suppressed, an effect that has no direct corre-
spondence in Raman diffraction. In contrast for Bragg
diffraction, the phase shift for adiabatic Gaussian laser
pulses scales favorably with the third power of the in-
verse Doppler frequency. On top of the benefits from
this new scaling behavior, our results suggest that the
conventional mitigation strategies [34] can also be ap-
plied.
Our analysis shows that in a Mach-Zehnder interferom-
eter with an initial momentum but no acceleration, the
contributions of the first and final light pulse cancel ex-
actly as the same phase is imprinted on both interferom-
eter arms. However, in current gravimeters where atoms
are released from a trap, the light shifts will not com-
pensate each other due to the acceleration of the atomic
wave packets between the pulses. Moreover, for small
initial momenta, the light-shift contribution to the phase
is dominated by the first pulse. Hence, with a delayed
start of the interferometer sequence, the atoms can be
accelerated and the superior scaling behavior of Bragg
diffraction with Gaussian pulses can be exploited, lead-
ing to a smaller overall light shift.
In contrast to that, in a fountain experiment the light
shifts caused by the beam splitters do not cancel due to
the reversed momentum of the atom. A suppression of
the phase shift then only results from the different scaling
behavior and a large initial momentum, which can be
applied to minimize the light shift phase [45].
When we compare our results to state-of-the-art exper-
iments in Fig. 3 (a), we see that the magnitude of the ef-
fect due to the different scaling behavior is less important
than in Raman diffraction, but might not be negligible
in all cases. The horizontal dotted lines show the phase
uncertainty of Ref. [22] and Ref. [41] scaled with Φ[Ω]
performed with a retroreflective setup using Raman and
Bragg diffraction, respectively. For every specific setup—
5especially in gravimetric applications—relevant parame-
ters for the determination of the phase shift are the pulse
shape, pulse duration, pulse sequence, interrogation time,
acceleration, initial momentum, atomic species and more.
Thus, the comparison provided above might only be seen
as an rough estimate of the order of magnitude for the
light shift. However, when designing new experiments,
a more detailed analysis is called for which can be ob-
tained straightforwardly for an individual setup from our
results [42].
Whereas in this article we have focused on phase shifts
caused by the spurious pair of lasers, we investigate in
Ref. [36] the diffraction in a retroreflective setup itself
without solely focusing on light shifts. There, we not
only derive analytical expressions for the diffraction in-
corporating the spurious pair of lasers (which can be
used to obtain the expressions for the phase shift), but
also perform extensive numerical studies of box-shaped
Bragg pulses for different initial momenta. In particular,
we discuss the transition to double Bragg diffraction for
momenta where Eq. (4) diverges. Moreover, we employ
different adiabatic pulse shapes to verify the analytical
result, that is Eq. (6).
Our numerical analysis can easily be generalized to
shed light on the two-photon light shift for a broad mo-
mentum distribution of the atom [46] or higher-order
Bragg diffraction. Moreover, we admit that in a strict
sense our analysis is only valid for perfectly orthogonal
polarization. Since in an experiment, effects of imperfect
polarization can be determined and, if possible, mini-
mized [9] we plan to investigate the effect of polarization
on the light shift.
The final judgment of any physical theory is experi-
ment and high-precision measurements are a key ingre-
dient in probing the foundations of physics. In this spirit
we hope that an increased accuracy of Bragg interferom-
eters made possible by our expressions, paves the road
to novel applications and a verification of fundamental
physical theories and concepts.
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